Objective: The epidemiological evidence for the association between sleep duration and obesity in the elderly is inconsistent and has not been investigated with objective measures. Furthermore, the role of sleep fragmentation in this relationship is unknown. Our aim was to investigate the association of sleep measures with body mass index (BMI) and obesity in a normal elderly population. Design: Cross-sectional study. Subjects: A total of 983 community-dwelling elderly (mean age 68.4±6.9 years, range, 57-97). Measurements: Weight and height were measured, and sleep duration and fragmentation were assessed with on average six nights of actigraphy.
Introduction
A growing body of epidemiological evidence indicates that sleep duration is associated with elevated body mass index (BMI) and an increased prevalence of obesity. Several studies, summarized by Knutson et al. 1 in a recent review, point toward a role of particularly short sleep, or sleep deprivation, in the development of obesity, impaired glucose metabolism and diabetes risk. A number of authors reported an inverse linear relationship between sleep duration and BMI or an association between short sleep duration and obesity. [2] [3] [4] [5] [6] [7] Others have reported a U-shaped association, suggesting that short as well as long sleep duration increase the risk of a high BMI. [8] [9] [10] Most epidemiological researchers used self-reported sleep duration only. We are aware of only one study that did not rely on self-report, but used actigraphy, a method that infers wakefulness and sleep from the presence or absence of arm movement. Several authors, including the American Academy of Sleep Medicine's Standards of Practice Committee, view actigraphy as a reliable method for assessing sleepwake patterns in adults. [11] [12] [13] [14] [15] Lauderdale et al. 16 collected actigraphy data over two 3-day periods for 669 participants aged 38-50 years in the CARDIA Study. They demonstrated substantial discrepancies between self-reported and actigraphically measured sleep duration. This finding suggests that reliance on self-report in epidemiologic studies may result in systematic misclassification of sleep duration, which has been confirmed in the Rotterdam Study and has been extensively discussed elsewhere. 17 Interestingly, Lauderdale et al. 18 found that actigraphically measured sleep duration was not related to weight gain in their study. Experimental and epidemiological studies that describe the effect of sleep deprivation on glucose metabolism and other physiologic parameters, focus on short sleep duration, regardless of the continuity or discontinuity of sleep. Whereas most research on sleep fragmentation investigates behavioral or cognitive consequences such as daytime sleepiness, vigilance and cognitive and psychomotor performance, Ekstedt et al. 19 reported that sleep fragmentation was also associated with elevated cortisol and cholesterol levels. The role of sleep fragmentation in the relationship between sleep duration and obesity has, to our knowledge, not been described earlier. It is not clear whether a short sleep duration per se, or short sleep due to frequent interruptions, be it of internal or external origin, gives rise to a higher risk of obesity. Moreover, the association between sleep parameters and obesity has not been extensively studied in elderly persons; many studies were performed in children and adolescents or young adults only. A study that included elderly participants suggested that the association disappears above a certain age. 6 Gottlieb et al. 20 found no significant differences in BMI between categories of self-reported sleep duration in the Sleep Heart Health study, of which the age distribution is similar to ours. Our study investigates whether a linear or U-shaped association exists between sleep duration and BMI or obesity in a normal elderly population. Further, we assessed whether sleep fragmentation is related to BMI and obesity. We measured sleep duration and fragmentation with multiple nights of actigraphy. To the best of our knowledge, ours is the largest study of obesity with objective actigraphy measurements of sleep so far. Almost all previous studies have relied on self-report.
Methods

Study population
This study is embedded in the Rotterdam Study, a population-based cohort study aimed at assessing the occurrence of and risk factors for chronic diseases in the elderly. 21 In 1990, all of the inhabitants of a district of Rotterdam aged 55 years and over were invited. In 2000, the cohort was extended with a second cohort from the same district, also aged 55 ). We defined obesity as a BMI of 30 kg m À2 or higher.
Assessment of sleep parameters
To obtain objective sleep parameters, we used the Actiwatch model AW4 (Cambridge Neurotechnology Ltd.), an actigraph that can be worn like a watch and is equipped with an event marker button. Participants were instructed to wear the actigraph continuously over a period of 5-7 consecutive days and nights, on the nondominant wrist. During the actigraphy study period, participants kept a sleep diary. Participants were asked to press the event marker button on the actigraph each night when they began trying to fall asleep and again when they got out of bed each morning. To calculate sleep parameters from the raw actigraphy data, we used the Actiwatch algorithm that has been validated against polysomnography by Kushida et al. 22 With this algorithm, a score is calculated for each 30-s epoch, taking into account the weighted value of previous and following epochs. We used a threshold of 20 to distinguish sleep from waking, since this high sensitivity setting yielded the best agreement with polysomnography with regard to total sleep time (TST) in Kushida et al.'s validation study. 22 We applied the following rules to the data:
Bed Self-reported TST was assessed with a question from the Pittsburgh Sleep Quality Index (PSQI), 24 which was administered during the home interview.
Assessment of covariates
Educational attainment (low/middle/high), smoking (never/ former/current) and alcohol consumption (average number of drinks per week) were assessed during the home interview. Napping during daytime was assessed with the sleep diary. Depressive symptoms were ascertained with the Center for Epidemiologic Studies Depression (CES-D) scale. 25 The CES-D is a self-report scale with 20 items, with a maximum score of 60. Scores of 16 or greater on the CES-D are traditionally interpreted as suggestive of clinically significant depression. 26 To operationalize the occurrence of probable sleep apnea, two questions from the PSQI were used. In line with Fogelholm et al. 27 sleep apnea was considered probable in persons who reported (1) loud snoring at least two nights a week, with at least occasional respiratory pauses or (2) respiratory pauses during sleep with a frequency of at least 1-2 nights weekly.
Statistical analysis
We performed multiple linear regression analyses to investigate the associations of the average actigraphically measured TST and fragmentation index per night with BMI. Fragmentation index was expressed as standard deviation units, and TST was centered at the mean, to facilitate interpretation. We tested both a linear and a quadratic model of TST and fragmentation index, and we analyzed TST and fragmentation index separately as well as together in one model. We adjusted all of the analyses for age, gender, educational attainment, smoking, alcohol consumption, alcohol consumption squared, napping during daytime and depressive symptoms. Means were imputed for missing values for alcohol consumption (n ¼ 31) and depressive symptoms (n ¼ 20). A 'missing' category was added to the three categories of educational attainment (n ¼ 23). Next, we performed analyses of covariance (ANCOVAs) with actigraphically measured TST as a categorical variable and BMI as a continuous outcome variable, both with and without fragmentation index in the model. To this end, we divided the mean actigraphically measured TST into five categories (o5, 5 to o6, 6 to o7, 7 to o8, 8 h and over). The 7 to o8 h actigraphic TST category was used as the reference category.
To check whether there were gender differences in the association between TST and BMI, we added the interaction term 'gender Â TST' to the regression analyses. Next, we investigated the association of TST and fragmentation index with obesity (BMIX30) with logistic regression analyses. Adjustment for covariates was equal to that of the linear regression analyses. All of the analyses were repeated after exclusion of participants with probable sleep apnea. Finally, we repeated the analyses with self-reported TST. All of the analyses were performed with SPSS version 11.0 (SPSS Inc., Chicago, IL, USA). Table 1 shows the characteristics of the study population. A total of 266 participants (27.1%) had a BMI of 30 kg m À2 or higher, and were thus classified as obese. The average BMI of our study population was 27.9 ( ± 4.0) kg m
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. Mean age was 68.4 ( ± 6.9) years (range 57-97), 52.0% was female.
Nonresponse analysis showed that nonresponders, who visited the research center but refused to participate in the actigraphy study (n ¼ 439), were on average 1.9 years older than responders (Po0.001) and were more likely to be female (28.7 vs 22.0%, P ¼ 0.004). Refusal to participate was neither associated with BMI, nor with average TST as selfreported in the PSQI.
For the majority of participants (77.8%), the study period included two weekend nights (Friday and Saturday night). Only one weekend night was included for 19.2% of the participants, and for the remaining 3%, data were collected on weeknights only. The average actigraphic TST, the average self-reported TST and the average fragmentation index were not significantly different between participants with 0, 1 or 2 weekend nights (All P's40.20, ANOVA). This can probably be explained by the fact that only 6.0% of participants still had a paid job forX20 h per week.
TST was centered at the mean and modeled as a continuous variable in the multiple linear regression analyses, with BMI as a continuous outcome measure. Sleep duration had a significant quadratic (U-shaped) relationship with BMI. The regression coefficient of TST squared was 0.30, 95% confidence interval (CI): 0.08-0.52, and the regression coefficient of TST was À0.41, 95% CI: À0.71 to À0.11. BMI was lowest at a sleep duration of 0713 hours. Table 2 shows the results of the ANCOVA analyses, with TST as a categorical variable and BMI as a continuous outcome variable. Persons who slept o5 h had a 1.6 kg m
Sleep duration, sleep fragmentation and obesity JF van den Berg et al (95% CI: 0.4-2.9) higher estimated BMI than those who slept 7 to o8 h; persons who slept 5 to o6 h had a 1.1 (0.3-1.8) kg m À2 higher BMI than the reference category. BMI of long sleepers (X8 h) did not significantly differ from the reference. A high degree of sleep fragmentation was related to a shorter TST: Pearson's correlation coefficient between TST and fragmentation index was À0.48 (Po0.001). When we adjusted the association between sleep duration and BMI for fragmentation index, the association was attenuated, although the quadratic model remained significant (b of quadratic term ¼ 0. Figure 1 shows the relationship between categories of actigraphic TST and obesity. Compared to participants who slept 7 to o8 h per night, a short actigraphically measured TST was associated with a considerably higher likelihood of obesity. The odds ratio for a TST of o5 h per night was 2.76 (1.38-5.49). For a TST of 5 to o6 h per night, the odds ratio was 1.97 (1.26-3.08). A long sleep duration of X8 h per night was also associated with a higher prevalence of obesity (OR 2.93 (1.39-6.16)). Moreover, a higher fragmentation index was associated with more obesity: OR 1.36 (1.17-1.57) per standard deviation of fragmentation. When we additionally adjusted the associations between short sleep and obesity for fragmentation index, they were substantially reduced and no longer significant (Figure 1) . The association between long sleep and obesity was not attenuated (OR 3.05 (1.45-6.42)). 
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There was neither a linear (b ¼ 0.01; 95% CI: À0.20 to 0.22) nor a quadratic association between self-reported TST and BMI, nor were there any differences in BMI between categories of TST (ANCOVA; results not shown). Logistic regression analysis showed that there was no elevated risk of obesity in any of the categories of self-reported TST ( Table 3) .
All of the analyses were adjusted for age, gender, educational attainment, smoking, alcohol consumption, alcohol consumption squared, napping during daytime and depressive symptoms. There was no significant interaction between gender and TST in either analysis (not shown).
Discussion
In this cross-sectional study of 983 community-dwelling elderly, we found a marked U-shaped association of actigraphic measures of sleep duration with BMI and obesity. Sleep fragmentation also increased the likelihood of a higher BMI and obesity. The relationships between short sleep and obesity disappeared after adjustment for sleep fragmentation, whereas the higher risk for long sleepers remained unchanged. However, a quadratic relationship between sleep duration and BMI still existed after adjustment for sleep fragmentation. Self-reported sleep duration was not associated with BMI or obesity. 
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Before we discuss these findings, some methodological comments have to be made. First, a selection effect may have occurred due to nonparticipation. However, it is unlikely that this has resulted in substantial bias, as (non)participation in the actigraphy study was neither associated with selfreported sleep duration, nor with BMI. Second, actigraphy is not the gold standard for distinguishing sleep from waking. TST derived from actigraphy data may differ with different actigraphy devices or algorithms. The algorithm that we used has been validated in a study of sleep disordered patients; 22 the appropriateness of this algorithm in a normal population has not been tested. However, the use of actigraphy enables studies involving multiple days and nights of testing, thereby increasing reliability, 11 and permits the evaluation of persons in their natural sleeping environment, whereas polysomnography is not feasible in large studies, and its ecological validity is sometimes questionable. 14 Third, polysomnography would have been necessary to accurately assess the presence of sleep apnea. Actigraphy does not allow adequate assessment of sleep apnea; although it seems conceivable that actigraphically measured sleep fragmentation is to some extent related to sleep apnea, it is certainly not a perfect measure. 28 In our study, sleep apnea was diagnosed as 'probable' by using self-reported snoring and nocturnal respiratory pauses. This solution for large studies has been described previously by Fogelholm et al. 27 Finally, the cross-sectional setting prevented us from inferring causality or chronological order of events. Strengths of this study include its population-based design, and the objective measurement of weight and height. In addition, to our knowledge, ours is the largest obesity study that used multiple nights of actigraphy to assess sleep duration and sleep fragmentation so far. Finally, our study includes elderly participants, whereas most previous studies investigated younger populations.
The association between short sleep and higher BMI or obesity has repeatedly been found, although not consistently in the elderly. Moreover, it has not been confirmed with objective measures in a normal population. A number of studies reported a negative linear relationship between sleep duration and BMI, or an association between short sleep and the risk of obesity. [2] [3] [4] [5] [6] [7] Some authors have linked the finding that the average self-reported sleep duration has decreased over the last decades to the 'obesity epidemic'. 6, 7, 29, 30 Several possible mechanisms to explain the association of short sleep and obesity are put forward in the literature, and summarized in a review by Knutson et al.
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Briefly, sleep deprivation leads to an altered glucose metabolism, possibly to lower energy expenditure, and to lower circulating levels of leptin and higher levels of ghrelin. Leptin is a hormone that decreases appetite, while ghrelin stimulates it; therefore, the hormonal changes that result from sleep deprivation cause an upregulation of appetite.
In the National Health and Nutrition Examination Survey I study, a higher BMI and a higher risk of obesity were reported in persons who slept o7 h, compared to those sleeping 7 h. However, the authors found this association only in participants under 59 years. 6 Hasler et al. 7 found that the relationship between short sleep and obesity diminished after the age of 34. In a small study of 90 women of 50 years and above, Chaput et al. 31 found similar odds ratios of overweight/obesity with a self-reported sleep duration of o7 andX7 h. In the Sleep Heart Health study, a large community-based cohort study with participants aged 53-93 years, Gottlieb et al. 20 found no association between categories of self-reported sleep duration and BMI. Nevertheless, they found an increased risk of diabetes mellitus and impaired glucose tolerance in persons sleeping p6 and X9 h per night. Stamatakis et al. 32 investigated questionnaire data from the Alameda County Study and found no relationship between quartiles of BMI and short sleep duration in a crude analysis. A few more negative findings have been published based on the cross-sectional association of sleep duration and BMI or obesity. For example, a study in men of 40-70 years that investigated BMI as a confounder found no significant difference in BMI between categories of sleep duration. 33 In contrast to these negative results, our study demonstrated an association between short sleep and BMI as well as obesity in an elderly population. In the Nurses' Health Study, an association was found between self-reported habitual sleep duration and subsequent weight gain over a 16 year follow-up period. 30 The relationship between sleep duration and weight gain was not confirmed by Lauderdale et al. 18 in the CARDIA Study with a follow-up time of 5 years. This study is the only other large cohort study that we are aware of using actigraphy to measure sleep duration. Stranges et al. 34 could not confirm a longitudinal association between sleep duration and weight gain either, although they did find cross-sectional associations between sleep duration and BMI. Persons with more fragmented sleep had a higher BMI and more obesity, and the association of short sleep with obesity was substantially attenuated after adjustment for sleep fragmentation. This indicates that sleep fragmentation may be part of the mechanism by which short sleep is related to a higher prevalence of obesity. Sleep fragmentation is inversely related to sleep duration, since the Actiwatch algorithm considers prolonged and intense movement as wakefulness. The association between long sleep and obesity has received less attention in the literature, although some authors reported a U-shaped curve, indicating that short as well as long sleep duration are associated with a higher BMI. [8] [9] [10] Our study showed a clear and significant U-shaped association between sleep duration and BMI as well as between short and long sleep and obesity. The mechanisms linking long sleep to obesity are likely to be distinct from those mediating the adverse effects of short sleep, since the metabolic changes that occur as a consequence of sleep deprivation are not seen in long sleepers. 1 Little is known about the metabolic consequences and correlates of long sleep, although it has repeatedly been related to adverse outcomes such as mortality. 37 Due to the cross-sectional design of this study, we do not know whether long -or shortsleep duration causes higher BMI or vice versa. The direction of causality may be reversed, with a high BMI or related health problems leading to changes in sleep duration. The relationships may also be bidirectional or both phenomena may share a common cause. Possible gender differences in the relationship between sleep duration and obesity have been a source of debate in the literature. Some authors reported a U-shaped association in women but not in men, 38 whereas others found a negative linear relationship in male, but no association in female adolescents. 39 In our study, the relationship between sleep duration and BMI or obesity did not differ in elderly men and women.
Self-reported sleep duration, assessed by questionnaire, was not associated with BMI or obesity in the elderly population participating in our study. This provides support for our hypothesis that the negative findings that were reported by others 6, 7, 20 may to some extent be explained by their use of self-report measures. Misperception of sleep duration may be of particular importance in an elderly population, because the prevalence of poor sleep quality, which frequently leads to underestimation of sleep duration, is higher in the elderly. Inadequate self-report of sleep due to cognitive decline also may be important in this age category. It has to be noted that the distribution of TST derived from self-report and actigraphy are different; self-reported TST is generally longer than actigraphically measured TST. Although 8 h of sleep is often expressed as the recommended amount, 8 h of actigraphically measured sleep was included in our 'long sleep' category, to which only 3.1% of our study population belonged.
In view of our results, the earlier findings that the association between sleep duration and obesity is not present in the elderly needs to be re-evaluated. With multiple nights of actigraphic measurements, we found that both short and long sleeping elderly had a higher BMI and a higher likelihood of obesity, and that sleep fragmentation is important in the relation of short sleep with obesity. These associations were undetectable with self-report assessment of sleep duration. However, our cross-sectional design prevented us from gaining insight into possible temporal or causal relations, as was mentioned above. For this reason, we cannot rule out that obesity leads to a shorter or longer sleep duration, or to more fragmented sleep. To gain more insight in the possible causal pathways, longitudinal research is needed. The participants of this study will be followed-up in future examinations of the Rotterdam Study, and the authors intend to investigate the association between sleep parameters and weight gain or weight loss in a longitudinal study. To further evaluate the role of sleep fragmentation in obesity and to preclude bias that can be introduced by selfreport measures of sleep duration, using multiple measures of sleep parameters is recommended.
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